MicroRNAs (miRNAs) are small non-coding RNAs involved in fine-tuning of gene regulation. Antisense oligonucleotides (ONs) are promising tools as anti-miRNA (anti-miR) agents toward therapeutic applications and to uncover miRNA function. Such anti-miR ONs include 29-O-methyl (OMe), cationic peptide nucleic acids like K-PNA-K3, and locked nucleic acid (LNA)-based anti-miRs such as LNA/DNA or LNA/OMe. Northern blotting is a widely used and robust technique to detect miRNAs. However, miRNA quantification in the presence of anti-miR ONs has proved to be challenging, due to detection artifacts, which has led to poor understanding of miRNA fate upon anti-miR binding. Here we show that anti-miR ON bound to miR-122 can prevent the miRNA from being properly precipitated into the purified RNA fraction using the standard RNA extraction protocol (TRI-Reagent), yielding an RNA extract that does not reflect the real cellular levels of the miRNA. An increase in the numbers of equivalents of isopropanol during the precipitation step leads to full recovery of the targeted miRNA back into the purified RNA extract. Following our improved protocol, we demonstrate by Northern blotting, in conjunction with a PNA decoy strategy and use of high denaturing PAGE, that high-affinity anti-miRs (K-PNA-K3, LNA/DNA, and LNA/OMe) sequester miR-122 without causing miRNA degradation, while miR-122 targeting with a lower-affinity anti-miR (OMe) seems to promote degradation of the miRNA. The technical issues explored in this work will have relevance for other hybridization-based techniques for miRNA quantification in the presence of anti-miR ONs.
INTRODUCTION
MicroRNAs (miRNAs) are an important class of small noncoding RNAs that regulate gene expression post-transcriptionally. They are transcribed as stem-loop-containing precursors and are processed into shorter duplex RNAs by a series of enzyme complexes, first in the nucleus and then following transport into the cytosol, in order to become fully active (Siomi and Siomi 2010) . The final complex, miRISC, directs one of the two RNA strands (the guide strand) to bind to the 39-UTR of target mRNAs resulting in repression of gene expression. Most miRNAs are able to target a number of mRNAs (Lim et al. 2005; Friedman et al. 2009 ), and their expression and activity are often associated with complex cellular pathways, for example, cell growth and apoptosis (Cheng et al. 2005) , metabolism , viral infection (Skalsky and Cullen 2010) , and cancer (Lu et al. 2005) .
Anti-miRNA oligonucleotides (ONs) capable of forming complementary base pairs with the guide strand of miRNAs have proved to be of great value in recent years as tools to understand miRNA action and as potential therapeutics (Krützfeldt et al. 2005; Esau et al. 2006; Kloosterman et al. 2007; Vermeulen et al. 2007; Elmén et al. 2008a; Lu et al. 2009; Fabani et al. 2010; Lanford et al. 2010; Robertson et al. 2010) . Several types of ON analogs have been proposed as anti-miRNA (anti-miR) agents in order to enhance steric-block potency, biostability, and binding affinity for their RNA targets. Some of these include charge neutral ONs, such as peptide nucleic acids (PNA) (Fabani and Gait 2008; Oh et al. 2009; Fabani et al. 2010 ) and phosphorodiamidate morpholino oligonucleotides (PMO) (Flynt et al. 2007; Kloosterman et al. 2007; Eberhart et al. 2008) ; 29-modified ONs such as 29-O-methyl (OMe) (Hutvágner et al. 2004; Meister et al. 2004; Cheng et al. 2005) , which also form the basis of antagomiRs (Krützfeldt et al. 2005 (Krützfeldt et al. , 2007 29-O-methoxyethyl (MOE) Esau et al. 2006 ) and 29-fluoro/29-methoxyethyl mixmers (29F/MOE) (Davis et al. 2009 ); and the particularly strong RNA binding analog locked nucleic acid (LNA) in mixmers with DNA (Ørom et al. 2006; Elmén et al. 2008a; Lanford et al. 2010) , OMe (Fabani and Gait 2008) , or MOE (Davis et al. , 2009 .
Anti-miR ONs inhibit their miRNA target by a steric blocking mechanism. However, the fate of the miRNA following anti-miR ON binding is still unclear (Horwich and Zamore 2008) . Some evidence suggests that upon binding of an LNA/DNA anti-miR, the miRNA becomes complexed and sequestered in cells, but not degraded (Elmén et al. 2008a,b) . In contrast, there are also data suggesting anti-miR-mediated miRNA degradation for antagomiRs, MOE, and PNA anti-miRs (Krützfeldt et al. 2005; Esau et al. 2006; Fabani and Gait 2008; Ameres et al. 2010) . More recently, a report suggested that the miRNA fate upon anti-miR binding might be chemistry-dependent. While miRNA inhibition by a 29F/MOE anti-miR ON would not degrade the miRNA, treatment with MOE anti-miR ONs would induce miRNA degradation (Davis et al. 2009 ).
Many techniques have been proposed for detection of miRNAs. Most of these techniques are dependent on the hybridization properties between the target miRNA and a complementary nucleic acid strand probe (Cissell and Deo 2009) . Among these methods, Northern blotting has proved to be a robust and widely used technique that also allows detection of not only mature miRNAs but also their precursors (Lee and Ambros 2001; Lee et al. 2002; Obernosterer et al. 2006 ) and that does not require specialized equipment. It is useful to quantify miRNA levels, to determine their size and to validate predicted miRNAs (Várallyay et al. 2007 ). The sensitivity, safety, and speed of this assay have been improved significantly by use of LNAmodified detection probes (Várallyay et al. 2008) , by nonradioactive labeling of the detection probe , and by EDC-mediated cross-linking of the RNA to appropriate membranes (Pall and Hamilton 2008) . Thus, it is not surprising that Northern blotting is also the most frequently used method to monitor miRNA abundance after treatment with anti-miR ONs (Chan et al. 2005; Davis et al. 2006; Esau et al. 2006; Krützfeldt et al. 2007; Elmén et al. 2008b; Fabani and Gait 2008; Fabani et al. 2010; Lanford et al. 2010) .
Despite the advantages of Northern blotting over other techniques to detect miRNAs, miRNA detection by Northern blot in the presence of anti-miR ONs can give misleading results, which partly explains the lack of consensus on the mode of action of anti-miR ONs. It has been shown that anti-miR ONs can interfere with miRNA detection at two different steps. First, during the Northern blot hybridization step, the probe for miRNA detection may not be able to displace the anti-miR ON already bound to the miRNA of interest, even in samples analyzed in denaturing PAGE conditions (Chan et al. 2005; Davis et al. 2009 ). In this case, uncomplexed miRNA would be detected, while an miRNA:anti-miR duplex would not be detected, thus leading to the interpretation that there is a (partial) knockdown of the miRNA. Second, the miRNA:anti-miR duplexes might not be recovered in the purified RNA fraction during the commonly used guanidinium thiocyanate-phenol-choloroform RNA extraction protocol (Chomczynski and Sacchi 2006) (commercially known as TRI-Reagent or TRIzol), yielding an RNA extract that does not represent the physiological levels of the particular miRNA (Fabani and Gait 2008; Lu et al. 2009; Davis et al. 2009 ). Therefore, in light of these technical issues, the inability to detect an miRNA by Northern blot in the presence of anti-miRs is not sufficient evidence for anti-miR-mediated miRNA degradation.
There have been suggestions on how to overcome some of these problems. It has been shown that miRNA masking by the anti-miR ON can be relieved, at least for loweraffinity analogs, by increasing the denaturing conditions of the electrophoresis separation (Krützfeldt et al. 2005) . Alternatively, a competitor PNA ON, having the same sequence as the miRNA of interest and that binds to the antimiR ON, can be introduced in the RNA samples prior to PAGE separation, allowing for miRNA release and its detection by Northern blot (Davis et al. 2009 ). However, there are currently no reports on how to recover miRNA:antimiR duplexes that have been lost during the RNA extraction procedure.
MicroRNA-122 (miR-122), a liver-specific miRNA associated with lipid metabolism ) and virus infection (Triboulet et al. 2007; Chang et al. 2008) , has become one of the main miRNA models for anti-miR-mediated inhibition of miRNAs, mainly due to the huge interest in it as a target for therapeutics (Jopling et al. 2005; Krützfeldt et al. 2005 Krützfeldt et al. , 2007 Esau et al. 2006; Elmén et al. 2008b; Fabani and Gait 2008; Davis et al. 2009; Lanford et al. 2010 ).
Here we show in detail how anti-miRs of four different chemistries-29-O-methyl (OMe), peptide nucleic acid (PNA), and LNA/OMe and LNA/DNA mixmers targeting miR-122-interfere at the two aforementioned steps of the miRNA detection process by Northern blotting. Furthermore, we demonstrate complete recovery of miRNA:antimiR duplexes back into the RNA extract, even for highaffinity anti-miR ONs, by modification of the widespread TRI-Reagent-based RNA extraction procedure. Finally, by use of the new RNA extraction procedure together with a decoy PNA ON strategy (Davis et al. 2009) (Fabani and Gait 2008) , OMe (31-mer) (Jopling et al. 2005) , LNA/OMe (23-mer) (Fabani and Gait 2008) , and a commercial 23-mer LNA/DNA knockdown probe (Exiqon). PNA, OMe, and LNA/OMe anti-miR ONs have been validated previously as effective miR-122 inhibitors through additional assays (Jopling et al. 2005; Fabani and Gait 2008) . For miR-122 detection, RNA was extracted using TRI-Reagent (Sigma), which is also available (TRIzol) from multiple suppliers, following the manufacturer's protocol that involves the use of the standard 0.5 volumes of isopropanol for each volume of TRI-Reagent for RNA precipitation. RNA separations were carried out by use of very highly denaturing PAGE in the presence of 8 M urea and 20% formamide (Krützfeldt et al. 2005) . Additionally, 8 M urea and 20% formamide were included in the loading buffer, and the sample was preheated before loading. These highly stringent PAGE conditions were used to maximize the likelihood of the miRNA being single-stranded and thus most easily detectable. Finally, LNA probes were used for miRNA detection by Northern blotting because of their superior sensitivity compared to standard DNA probes (Várallyay et al. 2008) and their ability to detect miRNAs in the presence of anti-miRs (Horwich and Zamore 2008) .
We treated Huh7 cells that express endogenous miR-122 with the anti-miRs and measured miR-122 levels by Northern blot analysis. K-PNA-K3 anti-miR was added to the cells without the use of a transfection agent as described previously (Fabani and Gait 2008) , while the other three anti-miRs were lipofected at the indicated concentrations. As expected from previous studies, treatment with any of the anti-miRs led to a reduction in miR-122 signal (Fig. 1A) . OMe anti-miR treatment resulted in partial miR-122 loss of signal, while for K-PNA-K3 and LNA/OMe anti-miRs, the loss was much stronger. MiR-122 detection following LNA/DNA anti-miR treatment resulted in a slight band shift consistent with miR122:LNA/DNA antimiR duplex formation as previously reported (Elmén et al. 2008a,b) . However, the strength of the miR-122:LNA/ DNA anti-miR duplex signal was much weaker as compared to untreated cells (negative control) (Fig. 1A) . Note that in our conditions, an approximate loss of 95% of miR-122 signal was achieved in the low nanomolar range for FIGURE 1. Anti-miRs can interfere with miR-122 detection by Northern blot. (A) Northern blot of total purified RNA from Huh7 cells treated with miR-122 anti-miRs K-PNA-K3, OMe, LNA/OMe, or LNA/DNA. Total purified RNA from untreated cells was used as negative controls. (B) Northern blot of total purified RNA after addition of miR-122 anti-miRs at equivalent amounts to mimic transfections in A to Huh7 cell lysates. Total purified RNA from Huh7 cells lysates without addition of anti-miR was used as negative control. (C) Northern blot of total RNA from Huh7 cell lysates treated as in B with OMe, LNA/OMe, or LNA/DNA anti-miR and further addition of 100 pmol of decoy PNA ON to the purified RNA. RNA from untreated lysates but with 100 pmol of decoy PNA ON addition was used as negative control. U6 RNA was used as loading control for all gels.
lipofected LNA/DNA and LNA/OMe anti-miRs, in the low hundreds nanomolar range for lipofected OMe anti-miR and in the low micromolar range for free delivered K-PNA-K3 anti-miR. Also note that pre-miR122 bands could be detected and they remained unchanged in the presence of any of the anti-miRs tested (data not shown).
To explore this loss of signal, we added to untreated Huh7 cell lysates in TRI-Reagent equivalent amounts of each anti-miR to mimic the cell treatments carried out in the previous experiment prior to RNA extraction and Northern blotting, an approach that has been commonly used previously (Krützfeldt et al. 2005 (Krützfeldt et al. , 2007 Esau et al. 2006; Davis et al. 2006 Davis et al. , 2009 Fabani and Gait 2008; Lu et al. 2009 ). As shown in Figure 1B , the presence of a band corresponding to miR-122 in the sample to which K-PNA-K3 anti-miR had been added suggests that this anti-miR does not interfere with miR-122 detection by Northern blotting under these conditions. In contrast, partial interference was seen with OMe anti-miR, and a complete loss of miR-122 signal was seen in cell lysates containing LNA/ OMe or LNA/DNA anti-miR, showing in these cases major interference with miR-122 detection. To test whether the lack of miR-122 signal was due to complex formation with the corresponding anti-miR, hindering the miRNA from the labeled miRNA detection probe, we repeated the previous experiment, but before PAGE separation we added an excess of a competitor (decoy) PNA ON having the same sequence as miR-122, as previously described by Davis et al. (2009) (Fig. 1C) . No further recovery of miR-122 signal was achieved under these conditions, suggesting that even in the presence of excess decoy, miR-122 is not fully detected in the presence of these anti-miRs. These results show that OMe, LNA/OMe, and LNA/DNA anti-miR ONs interfere with the Northern blot detection of the targeted miRNA and, further, that it is not possible to conclude using published protocols for this assay whether or not miR-122 is degraded or sequestered upon anti-miR treatment.
K-PNA-K3 anti-miR sequesters miR-122 without causing miR-122 degradation
Since K-PNA-K3 anti-miR was the only backbone chemistry that did not seem to interfere with miR-122 detection when Huh7 cell lysates were supplemented with this antimiR, it appeared likely that the reduction in the miR-122 signal strength seen in Huh7 cells treated with this anti-miR represented a genuine miRNA knockdown (Fig. 1A,B) , as we suggested previously (Fabani and Gait 2008) . To further examine this observation, we treated Huh7 cells with K-PNA-K3 anti-miR at two different concentrations (1 and 10 mM). As expected, a dose-dependent loss of miR-122 signal was seen ( Fig. 2A) . We then investigated whether the observed decrease in miR-122 signal was due to target degradation by supplementing the RNA samples with decoy PNA ON prior to high denaturing PAGE. To our surprise, the recovery of miR-122 signal was complete, demonstrating that K-PNA-K3 anti-miR sequesters miR-122 in Huh7 cells and does not cause its degradation, even at high antimiR concentrations (Fig. 2B) . Thus, the loss of signal in Figure 2A cannot be attributed to degradation and must instead be due to undetected K-PNA-K3:miR-122 complex formation, resulting because bound K-PNA-K3 anti-miR is not displaced by the miRNA detection probe under these conditions. Note that when K-PNA-K3 anti-miR was added to untreated Huh7 cell lysates in TRI-Reagent at equivalent amounts to mimic the concentrations used in transfections in Figure 2A , we found it to interfere with miR-122 detection only at the highest concentration tested, 10 mM (Supplemental Fig. 1 ). This result and the dose-dependent effect seen in Figure 2A suggest that the level of interference FIGURE 2. miR-122 fate upon targeting with K-PNA-K3 anti-miR. (A) Northern blot of total purified RNA from Huh7 cells treated with K-PNA-K3 anti-miR at 1 mM and 10 mM. RNA from untreated cells was used as negative control. (B) Northern blot of total purified RNA from Huh7 cells treated with K-PNA-K3 anti-miR as in A and further addition of 100 pmol of decoy PNA ON to the purified RNA. RNA from untreated cells but with 100 pmol of decoy PNA ON addition was used as negative control. U6 RNA was used as loading control for all gels.
by anti-miR ONs in detection of targeted miRNAs by Northern blotting is also dependent on the concentration of antimiR used. A similar anti-miR dose-dependent effect on miR-122 detection by Northern blotting was seen for the other anti-miRs tested in cell lysates that received addition of each anti-miR to mimic transfections in the nanomolar range (data not shown).
miR-122:anti-miR duplex loss and recovery during RNA extraction
The experiments so far indicated that all anti-miR ONs tested interfere with miRNA detection by Northern blotting. However, in contrast to our observation for K-PNA-K3 anti-miR, miR-122 signal could not be fully recovered when OMe, LNA/OMe, or LNA/DNA antimiRs were added to untreated Huh7 cell lysates, even in the presence of decoy PNA ON (Fig. 1B,C) . This might indicate that either the decoy PNA ON is not able to displace the anti-miR from the miRNA in the conditions tested, or that miRNA:anti-miR complexes are lost during RNA purification, prior to Northern blotting, as previously suggested (Fabani and Gait 2008; Davis et al. 2009; Lu et al. 2009 ). To explore the second possibility, we added antimiRs to untreated Huh7 cell lysates and supplemented the lysates with small amounts of 32 P-labeled single-stranded miR-122 mimic ( 32 P-miR122). Use of 32 P-miR122 allows for easy identification of miR-122 throughout the RNA extraction procedure and eliminates the need for a radiolabeled anti-miR-122 detection probe for Northern blotting. Furthermore, 32 P-miR122:anti-miR duplexes should be detectable as well as free 32 P-miR122. Figure 3A (upper panel) confirms that, under our conditions, 32 P-miR122 is partially or completely lost from the purified RNA fraction when RNA was extracted in the presence of OMe, LNA/OMe, or LNA/DNA anti-miRs. As expected, 32 P-miR122 is totally recovered in the purified RNA fraction in the presence of equivalent amounts of K-PNA-K3 antimiR to mimic 1 mM transfections, a concentration at which K-PNA-K3 did not interfere with miR-122 detection in lysates of untreated cells (Fig. 1B) . Careful analysis of the individual fractions obtained during the RNA extraction procedure showed that most of the missing 32 P-miR122 remained in the supernatant of the RNA precipitation step with isopropanol (Fig. 3A, lower  panel) . Note that under our conditions 32 P-miR122 was not differentially distributed during the initial phase separation of the RNA extraction protocol in the presence or absence of an LNA-based anti-miR (Supplemental Fig. 2) , in contrast to a previous suggestion (Davis et al. 2009 ).
All available kits based on the guanidinium thiocyanatephenol-chloroform RNA-extraction method (Chomczynski and Sacchi 2006) (TRIzol, Tri-Reagent, etc.) stipulate the use of 0.5 volumes of isopropanol for each volume of TRI-Reagent for RNA precipitation. This corresponds approximately to 1 equivalent (v/v) of isopropanol relative to the volume of the aqueous RNA-containing phase after the first phase separation step of the protocol. We thought that RNA precipitation could be improved by increasing the amount of isopropanol at the RNA precipitation step. Indeed, by adjusting the volume of isopropanol from 1 to 3 equivalents (v/v) for RNA precipitation, we observed increasing recovery of 32 P-miR122 in the purified RNA phase (Fig. 3B, upper panel) and decreasing abundance of 32 PmiR122 in the remaining isopropanol supernatant (Fig. 3B , lower panel; Supplemental Fig. 3 ) in the presence of LNA/ OMe anti-miR, as analyzed by denaturing PAGE. Similarly, 32 P-miR122 could also be completely recovered by precipitating the RNA with 3 equivalents (v/v) of isopropanol in the presence of OMe and LNA/DNA anti-miRs (Fig.  3C) . The superior binding strength of LNA-based antimiRs is evidenced by the presence of lower-mobility complexes formed between LNA/DNA or LNA/OMe anti-miRs with 32 P-miR122, even under highly denaturing PAGE conditions (8 M urea/20% formamide). The same conditions seem to be sufficient for complex dissociation between OMe anti-miR and 32 P-miR122. In the absence of 20% formamide, the OMe anti-miR showed complex formation (Supplemental Fig. 4) , as previously shown for antagomiRs (Krützfeldt et al. 2005) . Interestingly, under denaturing conditions, duplexes did not migrate in the gels at the expected molecular size. However, in vitro binding assays between 32 P-miR122 and each anti-miR under these highly denaturing conditions confirmed complex formation (Supplemental Fig. 5 ). Note that in Figure 3B , partial melting of the 32 P-miR122:LNA/OMe anti-miR duplex is seen in the isopropnaol supernatant phase; this is due to the NAP-10 purification (desalting) procedure.
The fate of miR-122 upon anti-miR targeting is dependent on the anti-miR chemistry
Having optimized the RNA extraction procedure in order to recover miRNA:anti-miR duplexes back into the RNA extract (Fig. 3) , we set out to determine the cellular outcome for miR-122 upon targeting with LNA/DNA, LNA/ OMe, or OMe anti-miRs. First, total RNA was obtained from Huh7 cells transfected with each of these anti-miR oligonucleotides by standard purification (1 equivalent of isopropanol compared to the aqueous phase for the RNA precipitation step) that had been supplemented with PNA decoy and analyzed by Northern blotting. Figure 4A shows that under these standard purification conditions, miR-122 signal was only recovered through decoy use in the presence of K-PNA-K3 anti-miR, but not in the presence of any of the other three anti-miRs of different chemistry, and confirms the lack of degradation of the miR-122 target in the presence of K-PNA-K3 seen in Figure 2B .
As suggested in Figure 3 , OMe, LNA/OMe, and LNA/ DNA anti-miR chemistries prevent the miR-122:anti-miR duplexes from being properly recovered in the RNA extract following the standard RNA extraction procedure. Therefore, we decided to test our improved RNA extraction protocol (3 equivalents [v/v] isopropanol for RNA precipitation step) in Huh7 cells treated with these three antimiR chemistries and by analyzing by Northern blotting as before. Figure 4B shows that for cells treated with LNA/ DNA anti-miR, the procedure allows for partial detection of miR-122 in the form of a low-mobility complex. MiR-122 is released by treatment of this complex with decoy PNA ON, showing that this high-affinity anti-miR sequesters miR-122 without inducing target degradation in cells, just as for K-PNA-K3 anti-miR. Furthermore, when LNA/ DNA anti-miR was used in mice, the miR-122 signal was recovered in Northern blotting under the improved RNA extraction conditions, and once again decoy use resulted in recovery of the complete miR-122 signal in the case of K-PNA-K3 (Supplemental Fig. 6 ).
Treatment of Huh7 cells with the very-high-affinity LNA/OMe anti-miR showed a similar result, but the miR-122:anti-miR duplex was not detected, and the recovery of the miR-122 signal upon addition of decoy PNA ON was not complete (Fig. 4C) . The most likely explanation is that the less strongly binding decoy PNA ON is not able to completely displace the highly stable miR-122:LNA/ OMe anti-miR duplex. Addition of a greater excess of decoy PNA ON could not be used to enhance the recovery of the miR-122 signal because the PNA decoy detection competes too efficiently under these conditions for the radioactive detection probe and masks the ability to detect the miR-122 (data not shown). Also, cell treatment with a higher amount (150 nM) of LNA/OMe anti-miR did not result in a lower miR-122 signal than in the case of use of 50 nM antimiR (data not shown), thus ruling out dose dependence of the signal detection. Our results are best consistent with the view that this high-affinity anti-miR sequesters miR-122 without causing significant miRNA degradation.
In contrast, for the OMe anti-miR, miR-122 signal was not recovered following use of the improved method for miRNA recovery and detection by Northern blotting in the presence of decoy PNA ON (Fig. 4D) . The lack of miR-122 signal in the presence of OMe anti-miR under these conditions is very unlikely to be due to an artifact. We have shown that in the presence of these amounts of OMe antimiR, miR-122 would have been detected if present in the RNA extract when RNA precipitation is carried out with 3 equivalents (v/v) of isopropanol (Fig. 3C) . Furthermore, the miR-122:OMe anti-miR duplex is clearly fully disrupted under our highly denaturing conditions (Supplemental Figs. 4, 5) , and this is independent of whether the decoy PNA ON is present or not, ruling out the possibility that decoy PNA ON is unable to displace the OMe anti-miR bound to miR-122. Thus, uniquely among the four anti-miR chemistries tested, OMe anti-miR usage in Huh7 cells is consistent with degradation of the miR-122 target.
DISCUSSION
Northern blotting has become a primary method for detection, identification, and validation of novel miRNAs, and it has been extensively used to demonstrate the effect of anti-miR ONs on miRNA expression (Chan et al. 2005; Davis et al. 2006; Esau et al. 2006; Krützfeldt et al. 2007; Elmén et al. 2008b; Fabani and Gait 2008; Fabani et al. 2010; Lanford et al. 2010) . Of the four chemistries we investigated, only LNA/DNA has advanced to clinical trials as reported by Santaris Pharma in 2010. OMe has been the most widely used anti-miR chemistry (Chang et al. 2004; Hutvágner et al. 2004; Meister et al. 2004; Jopling et al. 2005; Horwich and Zamore 2008) , which also forms the basis of antagomiRs (Krützfeldt et al. 2005 (Krützfeldt et al. , 2007 . PNAs containing cationic amino acids have been shown to inhibit miRNAs in cells (Fabani and Gait 2008; Oh et al. 2009 Oh et al. , 2010 Fabani et al. 2010 ) and in vivo (Fabani et al. 2010) . We reported highaffinity LNA/OMe anti-miRs for miR-122 inhibition in cell culture, which proved to be more potent than the OMe antimiR, (Fabani and Gait 2008) and for other steric-blocking applications (Arzumanov et al. 2001; Brown et al. 2005) .
Problems with the Northern blotting technique have hitherto served to obscure the fate of miRNAs targeted by anti-miRs. We have now demonstrated, through use of a PNA decoy approach (Davis et al. 2009 ), that K-PNA-K3 anti-miR acts by sequestering the miRNA without causing its degradation in cell culture (Fig. 2) or in vivo (Supplemental Fig. 6 ). For OMe, LNA/OMe, and LNA/DNA antimiRs, neither analysis under highly denaturing conditions nor addition of a PNA decoy was sufficient to reveal the effect of these anti-miRs on miR-122 levels (Figs. 1C, 4A) . Loss of miR-122 in the purified RNA samples treated with these anti-miRs (Fig. 3A, upper panel) has been reported previously for high-affinity LNA-containing anti-miRs by us and others (Fabani and Gait 2008; Davis et al. 2009; Lu et al. 2009 ). We did not find anti-miRs to partition Cold Spring Harbor Laboratory Press on January 18, 2018 -Published by rnajournal.cshlp.org Downloaded from radiolabeled miR-122 ( 32 P-miR-122) into the organic phase during the RNA extraction (TRI-Reagent) protocol as measured by scintillation counting (Supplemental Fig.  2) , in contrast to similar experiments reported for LNA/ MOE anti-miRs (Davis et al. 2009 ). Instead, the LNA-containing anti-miRs, and OMe anti-miR (partially), caused retention of targeted 32 P-miR122 in the isopropanol supernatant during precipitation when the standard RNA extraction procedure was followed (Fig. 3A) . However, miR-122 could be recovered fully by use of 3 equivalents (v/v) of isopropanol instead of the standard single equivalent (Fig.  3B,C; Supplemental Fig. 3) .
By use of these improved techniques, it now becomes clear that LNA/DNA and LNA/OMe anti-miRs, just like K-PNA-K3, also inhibit miR-122 in cells by complex formation without causing significant miRNA degradation (Fig. 4B,C) , and this applies also for LNA/DNA anti-miRs in vivo (Supplemental Fig. 6 ). Our results are consistent with the conclusions of Elmén et al. (2008a,b) that LNA/ DNA anti-miRs act to complex miR-122 without degradation, but note that we and others (Chan et al. 2005; Naguibneva et al. 2006; Laneve et al. 2007; Inomata et al. 2009 ) have been unable to clearly visualize such complexes by denaturing PAGE under standard RNA extraction conditions. With our higher isopropanol precipitation conditions during extraction and under denaturing PAGE, miR-122 can be detected by Northern blotting partially as a complex with the LNA/DNA anti-miR (Figs. 3C, 4B ; Supplemental Fig. 6b ). Addition of decoy PNA ON resulted in full recovery of the miR-122 signal as single-stranded miRNA, thus confirming the miR-122 sequestration during cell treatment rather than degradation (Fig. 4B) . Our study is the first to report that high-affinity LNA/OMe anti-miR also does not give rise to significant miRNA degradation (Fig. 4C) . Davis et al. (2009) reported that the high-affinity 29F/MOE anti-miR also sequesters miR-122 without causing miRNA degradation, but we have been unable to investigate MOE-containing anti-miR ONs, because such ONs are not commercially available. We therefore conclude that miRNA sequestration without significant miRNA degradation is a general feature of high-affinity anti-miRs.
The OMe anti-miR was the only one of the four tested that appears to induce miR-122 degradation upon targeting (Fig. 4D) . This 31-mer OMe ON is the same as that shown to be functionally active as an anti-miR122 in Huh7 cells (Jopling et al. 2005) . Several other studies that showed functional inhibition of miRNA activities in a variety of cell types by OMe ONs also showed loss of miRNA signal on Northern blotting, suggesting that these miRNAs were degraded by the OMe anti-miR in cells (Hutvágner et al. 2004; Chan et al. 2005; Krichevsky et al. 2006; Yang et al. 2008) . However, in all these cases, the standard RNA extraction conditions were used, and in some cases, only lower-affinity DNA probes were used for miRNA detection, which may have compromised the Northern blotting assays. Horwich and Zamore (2008) reported that in Drosophila cells OMe anti-miRs had no significant effect on endogenous miR-277 levels in Northern blotting, which contrasts with all other studies in mammalian cells. Krützfeldt et al. (2005 Krützfeldt et al. ( , 2007 reported that in mice, inhibition of miR-122 by antagomiRs (cholesterol-conjugated OMe ONs partially modified with a phosphorothioate backbone) led to target miRNA degradation, but that the equivalent OMe anti-miR (partially or fully modified with phosphorothioate backbone but not cholesterol-conjugated) resulted in detection of the miR-122 RNA in Northern blotting in denaturing PAGE, suggesting miR-122 complex formation (Krützfeldt et al. 2005) . Cholesterolunconjugated all PO OMe ONs were not reported in this study. Very recently, Ameres et al. (2010) showed that in HeLa cells, antagomiRs targeted to miR-16 or miR-21 lead to miRNA degradation through tailing (addition of predominately adenosines and uridines at the 39 end of the miRNA) and trimming (usually 39 to 59) of the targeted miRNA. Ameres's work suggests an interesting mechanism for anti-miR-mediated degradation of miRNAs; however, under our conditions, we failed to detect trimming or tailing of miR-122 by Northern blotting after cell treatment with anti-miRs.
Under our improved isopropanol precipitation conditions of RNA and use of a decoy PNA ON, we observed clear loss of the miRNA target in Northern blotting and therefore, in agreement with the large majority of studies using OMe ONs as anti-miRs, we conclude that degradation remains the most probable outcome of OMe targeting. Note also that Esau et al. (2006) reported miR-122 degradation upon MOE/PS anti-miR targeting in mice under standard RNA extraction conditions, and Davis et al. (2009) , using the PNA decoy approach, recently showed clear evidence for miR-122 degradation in mice treated with MOE/PS anti-miRs, even though MOE/PS ONs were, in principle, able to be complexed fully by the PNA decoy.
While high-affinity anti-miR chemistries (K-PNA-K3, LNA/DNA, LNA/OMe) in all cases maintain complex formation with their target miRNAs without evidence for significant miRNA degradation, the overwhelming balance of experimentation across the available literature is consistent with miRNA degradation being observed only when lower-affinity anti-miRs are used. It seems unlikely that this degradation is because of cellular instability of the antimiR, because miRNA degradation is clearly seen when, for example, highly stable MOE/PS ONs are used Davis et al. 2009 ). Instead, it seems likely that miRNA duplexes formed with lower-affinity anti-miRs are more prone to being broken in cells during inhibition experiments, which are often carried out over extended periods and subsequently become vulnerable to degradation by nucleases. This would imply possible displacement of the miRNA from miRISC. In contrast, stronger binding PNA and LNA anti-miRs are highly stable inside cells and form very strong complexes with miRNAs. Irrespective of whether they are displaced from miRISC, such strong complexes would protect the miRNA from nuclease degradation. Verification of this hypothesis would ideally require a fully independent method of miRNA level measurement within cells, perhaps through use of exogenously introduced and quantifiable miRNA mimics as well as anti-miR complements in otherwise miRNA-depleted cells, experiments beyond the scope of this study.
Our improvements to the technical aspects of Northern blotting in the presence of anti-miRs will have relevance also to other hybridization-based miRNA detection procedures such as in situ hybridization (Kloosterman et al. 2006 (Kloosterman et al. , 2007 Elmén et al. 2008b; Jørgensen et al. 2010) , microarrays, BRET-based, bioluminescence and electrochemical assays, and real-time quantitative PCR (RT-qPCR) (for an overview on these techniques, see Cissell and Deo 2009) , which are subject to misleading interpretation due to anti-miR interference, for example, shown in RT-qPCR (Davis et al. 2009; Lu et al. 2009 ). However, for each technique, further particular optimization will need to be addressed to develop a reliable method for miRNA quantification and detection in the presence of anti-miRs. We believe that our results will be of wide interest to those using such miRNA quantification and detection methods and serve also as an additional reminder that evaluation of anti-miR efficiency as potential therapeutics in cells and in vivo requires additional criteria beyond Northern blotting, such as measurement of the levels of mRNA targets of the specific miRNA inhibited by the anti-miR, as we and others have advocated previously (Esau 2008; Fabani and Gait 2008; Davis et al. 2009 ).
MATERIALS AND METHODS

Oligonucleotides
Synthetic miR-122 RNA ON corresponding to the human miR-122 sense strand was purchased from Dharmacon, and the sequence was obtained from the miRBase Sequence Database (Release 9.2): 59-UGGAGUGUGACAAUGGUGUUUGU-39.
LNA/OMe ON was synthesized as previously described (Turner et al. 2006) , and the ON sequence corresponded to that previously reported (Fabani and Gait 2008) : 59-aCaAaCaCcAuuGuCaCaCu Cca-39 (LNA/OMe).
PNA ONs were synthesized on a Liberty (CEM Corporation) microwave-assisted peptide synthesizer as described previously (Fabani et al. 2010) . For in vitro studies and cell work, a 23-mer, fully complementary to mature wild-type miR-122, PNA sequence was synthesized containing an N-terminal Cys and four (L)-Lys residues K-PNA-K3: (Fabani and Gait 2008) .
The 31-mer 29-OMe fully modified ON (Jopling et al. 2005 ) was purchased from Dharmacon: 59-AGACACAAACACCAUUG UCACACUCCACAGC-39.
For in vitro and cell assays, an miRCURY LNA/DNA knockdown probe was used and was purchased from EXIQON (59-ACAAACACCATTGTCACACTCCA-39; Cat No: 118019-00 hsa-miR-122a).
Decoy PNA was obtained from Panagene (Davis et al. 2009 ): 59-TGGAGTGTGACAATGGTGTTTGT-39.
Cell culture, transfections, and RNA extractions Huh7 cells were plated in a 6-well plate format and maintained in DMEM/10% FBS with antibiotics (Full Media) for z20 h before transfection at 37°C/5% CO 2 . For PNA ON treatment, cells were carefully washed once with PBS and media was replaced by 1 mL of opti-MEM (Invitrogen) containing PNA ON at the desire concentration. Four hours later, media was replaced by Full Media. All other ONs were lipofected using Lipofectamine 2000 (Invitrogen) in serum-free media following the manufacturer's protocol. Four hours after lipofection, the media was replaced by Full Media. Cells were incubated for 20 h at 37°C/5% CO 2 after transfection, washed once with PBS, and lysed using 1 mL of TRIReagent (Sigma). RNA was extracted following the TRI-Reagent manufacturer's protocol unless stated otherwise. For 2-equivalent and 3-equivalent isopropanol (v/v) samples, the TRI-Reagent protocol was slightly modified as follows: z500 mL of aqueous (RNA) phase was extracted and precipitated with 1 mL or 1.5 mL of isopropanol, respectively. The RNA pellet was then washed twice with 2 mL of 75% ethanol and dissolved in 100 mL of water. RNA quantification and quality control were measured using a NanoDrop ND-1000 spectrophotometer (only for non-radioactive RNA). Addition of more than recommended isopropanol during the RNA precipitation step induces precipitation of other contaminants to the RNA fraction; hence the need for more RNA washing steps. For samples extracted with 3 equivalents (v/v) isopropanol, RNA was re-precipitated after the extraction protocol using 2.5 volumes of ethanol 96% and 0.1 volume of 3 M NaOAc, samples were incubated for 2 h at À80°C, and the RNA was recovered by centrifugation for 30 min at 4°C at 13,200 rpm. Reprecipitated RNA was washed once with 1.5 mL of 75% ethanol, dried at room temperature, and dissolved in 100 mL of water. MiR-122 recovery in the presence of any of the anti-miRs used in this study was not compromised during the RNA re-precipitation procedure.
Isopropanol supernatants of radioactive samples were concentrated to z200 mL (using a Savant SpeedVac DNA 110 concentrator) where a precipitate was detected. The precipitate was dissolved in 500 mL of water and was NAP-10-purified (GE Healthcare) following the manufacturer's protocol.
Cell lysate experiments
Huh7 cells were plated in 6-well plate format and kept in Full Media for 48 h as described above. Cells were then lysed using 1 mL of TRI-Reagent (Sigma). Equivalent amounts of anti-miR ONs were added to the cell lysates to mimic transfections at the desired concentrations, and RNA was extracted.
For experiments containing 32 P-miR122 ON, 250 pmol of synthetic miR-122 sense strand ON was 59-end-radiolabeled using [g- 32 P]ATP. The reaction product was NAP-10-purified (GE Healthcare), and the eluate was concentrated to half of its volume, z750 mL, using a Savant SpeedVac DNA 110 concentrator. Twenty microliters of this solution was added to each cell lysate.
Polyacrylamide gel electrophoresis (PAGE) and Northern blots PAGE and Northern blotting were carried out as described previously (Fabani and Gait 2008) with minor modifications: 4 to 10 mg of total RNA from each experimental condition was dissolved in loading buffer (8 M urea; 50 mM EDTA; 20% formamide; Bromophenol Blue; Xylene Cyanol F), loaded onto the gels, and run for 2 h at 10 W at room temperature. A 32 Plabeled RNA ladder (Decade-Markers; Applied Biosystems) was used to estimate band sizes. Blotted membranes were cross-linked but not baked. After overnight membrane hybridization with specific radiolabeled probes, membranes were sequentially washed with 23 SSC/0.1% SDS (30 min), 13 SSC/0.1% SDS (30 min), and 0.53 SSC/0.1% SDS (1 min) at 42°C.
For experiments containing 32 P-miR122, 5 mL of extracted total RNA or purified isopropanol supernatant was mixed with 10 mL of loading buffer and loaded in a gel and run as described above. After the electrophoresis, the gels were exposed to a radiographic film for 30 min at À80°C.
PNA decoy experiments
PNA decoy experiments were carried out as described by Davis et al. (2009) with minor modifications: Gel composition and RNA loading buffer contained 20% formamide as described above. The whole gel was transferred to a membrane as described previously (Fabani and Gait 2008) , and the membrane was cut prior to hybridization with miR-122 probe. The pre-hybridization buffer was not exchanged after the membrane pre-hybridization step. Hybridization of the miR-122 probe was carried out overnight, and the membrane was then washed as described above.
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